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SUMI^RY 


A  study  was  eonducted  to  determine  the  feasibility  of  using  measure¬ 
ments  made  with  a  multichannel  gamma-ray  spectrometer  and  a  cobalt  6o  ra¬ 
diation  source  for  accurately  determining  soil  density  and  resolving  the 
density  profile  of  layers.  Measurements  were  first  made  on  aluininuiri  and 
steel  plates  to  establish  a  standard  reference  for  computing  soil  density. 
Two  samples  of  air-dry  sand  were  constructed  at  different  densities  to 
depths  of  approximately  120  and  125  cm  in  a  pit  51.82  m  long  and  m 

wide.  Measurements  were  made  at  depth  intervals  of  12.7  cm  in  each  of  six 
access  holes  located  in  the  samples.  The  densities  determined  were  com¬ 
pared  with  densities  determined  by  nonnuclear  means. 

Results  of  this  study  indicate  that  density  can  be  measured  accu¬ 
rately  by  the  method  described  herein  provided  (a)  the  thickness  through 
which  the  measurements  are  made  is  accurately  measured,  and  (b)  the  source 
strength  and  detector  are  suitable  for  the  distance  over  which  the  density 
is  measured.  The  combination  of  source  and  detector  that  was  used  per¬ 
mitted  defining  soil  density  profiles. 

As  a  result  of  this  study,  it  is  recommended  that  the  method  de¬ 
scribed  herein  be  used  for  nondestructive  soil  density  measurements  where 
the  density  beneath  the  surface  of  a  sample  must  be  known. 
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PENLTMTION  RESISTANCE  OF  SOILS 


OAMMA-RAY  TEC  [PIQUES  FOR  NONDESTRUCTIVE  MEASUREMENTS 
OF  SOIL  DENSITY  AND  DENSITY  PROFIT, E 


PART  T:  INTRODUCTION 

Background 


1 .  Rapid  detenninatlon  of  soil  moisture  and  soil  density,  particu¬ 
larly  under  field  conditions  where  laboratory  equipment  is  minimal,  has 
presented  a  challenge  to  soils  engineers  for  many  years.  Therefore,  the 
atino  mcement  by  the  Civil  Aeronautics  Administration  (CAA)  in  1950^  of  the 
development  of  nuclear  equipment  for  measuring  soil  moisture  and  density 
stimulated  considerable  interest  among  soils  engineers, 

2.  The  U.  S.  Army  Engineer  Waterways  Experiment  Station  (WES)  re- 

2 

ported  evaluation  of  this  nuclear  equipirient  as  early  as  1955.  It  was 
found  to  be  costly,  unreliable,  and  not  particularly  rapid. 

3.  The  instr’unents  were  subsequently  modified  and  evaluated  in  field 

3,4 

tests  reported  by  the  CAA.  A  second  investigation  was  then  conducted  at 
tlic  WES"^  to  detennine  the  suitability  of  the  modified  nuclear  equipment  for 
measuring  moistures  and  densities  of  airfield  base  courses  and  subgrades. 
Particular  consideration  was  given  to  the  reliability  and  durability  of  the 
equipment  and  tlie  accuracy  of  the  measurements.  It  v/as  determined  that  the 
orobes  used  with  this  equipnent  were  not  adaptable  to  airfield  studies  be¬ 
cause  the  measureiii  rits  were  still  time'^^consiuning  and  the  density  measure¬ 
ments  were  still  not  as  accurate  as  those  obtained  by  direct  sampT.ing 
me  thods . 

4.  There  followed  other  studies  in  which  laboratory  and  field  meas- 
ircir.cnts  were  made  ’vith  nuclear  instrmnents  of  various  descriptions.  How¬ 
ever,  it  was  not  luitil  ].960  that  a  report  recorded  satisfactory  tests  in 
which  this  type  of  instriunentatlon  was  used  to  monitor  compaction  on  air¬ 
field  pavement  construction.^  In  that  study,  three  surface  probes  were 
used  to  make  in  situ  moisture  and  density  measurements.  The  accuracy  was 
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r.uf t’ieioiit  foi’  contro  1  1  inf*;  compaction,  and  the  time  requli’ed  for  determln- 
in;f  the  moictMre  and  don/jity  of  sand  v/as  ’’educed  one-third. 

5.  Sencors  evaluated  in  studies  discussed  thus  far  contained  a  de¬ 
tector  and  a  source  of  '’amma  radiation  in  one  assembly.  The  source  was 
separated  from  the  detector  by  a  load  shield  so  that  only  scattered  ^amma 
rays  could  be  detected.  Gince  scattering  of  "amma  rays  is  caused  by  col¬ 
lision  of  -'amma-ray  photons  v/ith  electrons,  placing  the  sensor  adjacent  to 
the  soil  allowed  measurements  of  the  electron  density  of  the  soil.  A 
chanrie  in  electron  density  of  soil  is  closelv  related  to  a  clian^e  in  bulk 
or  in  situ  density. 

6.  The  techniques  used  in  the  latter  studies,  however,  still  were 
not  completely  satisfactory  because  the  volume  of  soil  contributing  to  the 
density  measurements  made  in  this  manner  could  not  be  clearly  defined  since 
it  was  bulbous  and  varied  in  size  with  the  moisture  content  and  density  of 
the  soil.  Furthennore,  if  the  techniques  used  were  modified  to  permit 
measurements  with  a  sensor  inserted  it\to  the  soil  rather  than  with  a  sen¬ 
sor  resting  on  the  surface,  the  measurements  would  be  subject  to  error  in¬ 
troduced  by  rearrangement  of  the  soil  during  the  insertion  process. 

Purpose  and  Scope 


7.  This  study  was  conducted  to  investigate  the  feasibility  of  using 
measurements  of  direct  gamma  radiation  for  determining  the  density  of  large 
voliunes  of  sand.  Tests  were  conducted  in  two  phases.  In  the  first,  meas¬ 
urements  were  made  on  aluminujn  and  steel  plates  to  establish  a  standard 
reference  for  computing  soil  density.  In  the  second,  measurements  v/ere 
made  on  two  large  samples  of  air-dry  sand  constructed  to  different  densi¬ 
ties.  At  six  locations  in  each  sample,  measurements  were  made  at  various 
depths  to  obtain  a  profile  of  density  v/ithin  the  sample. 

8.  Pairing  preparation  of  the  samples,  a  limited  number  of  density 
measurements  were  made  by  weighing  a  known  volume  of  sand  that  had  been 
removed.  These  measurements  were  subst.quently  compared  with  the  gamma-ray 
density  measurements  made. 


2 


PART  II:  RATIOITAL'ii 


9.  The  number  of  photon  counts  that  are  detected  per  unit  time 

from  a  radioactive  source  placed  a  unit  distance  av;ay  from  a  detector  de¬ 
pends  on  the  chara'-teristicG  of  the  source  and  detector,  the  test  ‘•^■  ornctry, 
and  background  radiation.  If  the  source  is  one  v.'it)i  a  relatively  long  half- 
life,  and  the  source  and  detector  characteristics,  the  test  gooretry,  and 
background  radiation  remain  unchanged,  may  be  ass’jjned  to  be  a  constant. 

10.  When  a  material  is  placed  botv;een  the  source  and  detector,  the 
number  of  photon  counts  detected  M  becomes,  according  to  Tambert's  ab¬ 
sorption  law. 


i:  =  exp(-Tlpx)*  (1) 

where  N  is  the  number  of  counts  detected  per  luiit  time  from  a  radioactive 
source  a  unit  distance  away,  and  T)  ,  p  ,  and  x  are,  respectively,  the 
mass  attenuation  coefficient,  density,  and  thickness  of  the  material  be¬ 
tween  the  source  and  the  detector, 

11.  The  mass  attenuation  coefficient  of  a  material  varies  as  a  func¬ 
tion  of  the  energy  level  of  the  source  of  radiation.  However,  if  the 
energy  level  of  the  source  and  the  chemical  composition  of  the  material  be¬ 
tween  the  source  and  detector  are  known,  the  mass  attenuation  coefficient 
of  the  material  can  be  determined  from  published  tables.  The  thickness  of 
the  material  can  be  measured  directly.  Thus,  it  v;ould  appear  that  the  only 
remaining  unknown,  the  density,  could  be  com.puted  directly  from  measure¬ 
ments  of  N  and  N  . 

o 

12.  Unfortunately,  such  a  direct  approach  to  the  detemiination  of 
densities  of  materials  is  not  practicable,  because  it  is  not  always  pos¬ 
sible  to  keep  the  source  at  a  unit  distance,  nor  is  it  possible  to  main¬ 
tain  a  constant  .  Consequently,  the  approach  that  was  taken  in  this 
study  was  somewhat  indirect. 


*  exp(-Tlpx)  =  e”^^^  ,  v/here  e  is  the  base  of  the  Naperian  logarithjr. 

(2.71828). 
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13.  The  effect  of  distance  between  the  source  and  detector  was  eas- 
^  ily  handled,  since  the  number  of  photon  counts  follows  the  inverse  square 
law.  Thorefoi’o,  provided  all  other  factors  remain  constant, 


whore  D  is  the  distance  between  the  source  and  detector, 

Ih.  The  main  problem,  that  of  maintaining  a  constant  ,  had  to  be 
handled  in  the  following  manner: 

a.  A  spectrum  of  the  number  of  gamma-ray  counts  versus  channel 
number  (ener;3r  level)  v/as  measured  for  various  thicknesses 
of  a  reference  material,  in  this  ease  aluminum  and  steel 
plates,  placed  betv/een  a  gamma-ray  source  and  detector.  A 
measurement  of  the  spectrmn  of  the  background  radiation, 
made  with  the  source  removed  from  the  test  area,  accompanied 
each  measureii.ent  on  the  reference  material.  The  background 
spectrum  was  subtracted  from  the  spectrum  for  the  reference 
material  so  that  only  radiation  from  the  gamma-ray  source 
would  bo  considered  in  subsequent  determinations. 

b,  ilpectra  for  coil  betv/een  the  source  and  detector  were  then 
obtained  in  a  similar  manner, 

e.  The  spectruii!  for  the  reference  material  that  had  counts  most 
nearly  the  came  as  those  ii:eas\U’ed  through  soil  was  compared 
with  each  of  the  soil  spectra;  and  the  average  proportional 
change  in  the  vertical  direction  and  the  average  pro¬ 
portional  change  in  the  horizontal  direction  necessary 

to  achiev*-  coincidence  or  near  coincidence  of  the  tv/o  spec¬ 
tra  v/ere  noted.  By  this  technique,  the  number  of  counts 

o 

inv.asured  v/hon  soil  was  the  attenuating  material  was  equal 

to  K.l  'i  ,  where  R  is  the  number  of  counts  measured  for 
i  i  r  ’  r 

ahminum  and  steel,  the  reference  materials. 

Thus,  for  unit  distance  T  , 


k 


and 


N  =  N  exp  ^-Tl  p  X  \ 
r  o  ^  \  r^r  r/ 


(4) 


For  distances  other  than  unity,  equation  2  yields 


"s  '  “oKA>sf  (-"sPA) 


(5) 


and 


(6) 


When  equations  5  and  6  are  substituted  for  II  and  N  ,  respectively,  in 

S  I* 

(paragraph  l4c) ,  then 


(’^oA’r)'  (-Wr) 


(7) 


or 


exp 


i-Vsh)  -  (-VA) 


15.  With  thus  eliminated,  the  soil  density  is 


hh  *  2  ('sA'r)  ■ 


X 

r  r 


(8) 


(9) 


or 


=  ’V/r  -  ’'ih  -  2  I"  (r's/»r) 


(10) 


and 


Tl^  ^^Pr^'r  -  hh  ^  ("r/"s)] 


(11) 
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PART  Til:  TEST  EQUIPMENT  ANT  PROGRAM 


Equlpnent 


Tritrena-ray  speL-ti’oiiicter 

16.  Th’j  .jpoctrometcr  urod  in  those  studios  is  a  multichannel  system 
that  coiuits  the  number  of  "amir.a-ray  photons  tliat  are  detected  within  a 
known  Len.'^th  of  time  and  arranges  the  coiunts  according  to  energy  level. 
I’rincipal  components  of  the  system  (fig.  l)  are  described  briefly  below: 
detailed  descriptions  ai-e  given  in  i*eference  7. 

17.  Sodiiun  iodide  detector  assembly.  The  sodium  iodide  (Nal)  de- 
tectoi'  assembly  (fig.  la)  is  composed  of  a  cylindrically  shaped  Nal  crystal, 
12.7  cm><'  in  diameter  and  12.7  cm  high,  mounted  in  a  sealed  enclosure  v;ith 
an  optically  coupled  photomultiplier  tube.  When  a  gamma-ray  photon  strikes 
the  crystal,  the  photon's  energy  is  converted  to  light,  the  intensity  of 
which  is  proportional  to  the  energy  level  of  the  gamma  ray.  The  crystal  is 
activated  with  thallium  to  ensure  maximum  conversion  of  energy  to  light. 

The  photomultiplier  tube  detects  the  intensity  of  this  light  and  produces 
an  electrical  pulse  with  an  amplitude  proportional  to  the  intensity  of  the 
light  and,  hence,  the  energy  level  of  the  gamma-ray  photon. 

18.  Pulse-height  analyzer.  The  pulse-height  analyzer  (fig.  lb)  re¬ 
ceives  the  electrical  pulses  from  the  detector  and  sorts  them  into  magnetic 
ferrite  core  memory  storage  channels  on  the  basis  of  their  amplitude.  The 
pulse-height  analyzer  has  ^*-00  storage  channels,  but  only  200  of  these  were 
used  in  this  study.  The  term  "cdiannel"  refers  to  the  location  of  the  en- 
-u'gy  level  band  witliin  the  200  chaniKls  used  for  accumulation  of  radiation 
data  in  the  pulse-height  analyzer.  Each  channel  will  store  the  number  of 
pulses  with  energies  over  a  range  of  0.014168  Mev.  Thus,  from  the  bottom 
of  channel  I  to  the  top  of  channel  199>  'the  irurd'er  of  detected  pulses 
stored  i.ll  I'ange  in  energy  from  0  to  2.819  Mev.  Channel  0  (zero)  is  used 
to  iv-cord  *  he  lengtli  of  time  during  v;hich  counting  has  taken  place  (live 
nime).  The  pulse-height  analyzer  sorts  and  stores  data  for  a  preselected 

'<■  A  table  of  factors  for  converting  metric  units  of  measurement  to  British 
units  is  given  or,  page  xi. 
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pei’iod  of  live  time,  after  which  it  ceases  to  accumulate  additional  data 
and  either  continues  to  store  the  data  it  has  already  accumulated  or  auto¬ 
matically  I’eleases  the  stored  data  to  the  paper-tape  perforator. 

19.  read-time  indicator.  Each  time  the  pulse-height  analyzer  ac¬ 
cepts  a  signal  from  the  detector,  it  is  disabled  for  a  short  time  during 
which  it  will  not  accept  any  additional  input  signals.  During  this  period, 
••ailed  the  dead  time,  the  signal  that  has  been  accepted  is  sorted  and 
stored  in  the  proper  channel  according  to  signal  Eimplitude.  Thu  dead-time 
indicator  shows  the  percentage  of  the  total  time  that  is  dead  time,  thereby 
providing  ah  indication  of  the  approximate  photon  flux  at  the  detector. 

20.  Visual-readout  indicator.  After  the  pulse-height  analyzer  has 
stored  all  the  information  on  the  gamma-ray  sp<3ctrum,  the  readout  indica¬ 
tor  provides  the  operator  with  a  visual  indication  of  the  number  of  counts 
stored  in  each  channel. 

21.  Punch-type-rcad  control  unit.  The  digital  information  from  the 
pulse -height  analyzer  is  converted  to  the  proper  format  by  the  punch- type- 
read  control  unit  to  allow  the  stored  data  to  be  punched  out  on  paper  tape 
for  computer  analysis. 

22.  Paper-tape  perforator.  The  paper-tape  perforator  receives  in¬ 
formation  from  the  punch-type-read  control  unit  and  punches  this  informa¬ 
tion  on  paper  tape  along  with  a  buzz  code  for  leader  control.  The  buzz 
code  signal  separates  individual  runs  on  a  single  tape. 

23.  High-voltage  power  supply.  Precision  ’raltage  required  for  op¬ 
eration  of  the  photomultiplier  tube  in  the  detector  assembly  is  supplied 
by  the  high-voltage  power  supply.  This  voltage  is  precisely  controlled  to 
maintain  a  stability  of  0.005  percent  per  hour,  or  0.05  percent  per  day, 
and  has  a  ripple  component  of  less  than  5.0  millivolts. 

24.  Voltage  regulator.  Except  for  the  voltage  to  the  high-voltage 
power  supply,  all  -/oltages  to  the  system  are  regulated  with  the  line  volt¬ 
age  regulator  to  an  accuracy  of  0.01  percent.  This  ensures  proper  func¬ 
tioning  of  the  spectrometer  with  input  voltage  variations  from  95  to  130 
wits  AC. 

Hadiation  source 

25.  A  10-millicurie  source  of  cobalt  60  was  utilized  in  this  study. 
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Co  emits  gamma  radiation  with  an  energy  level  of  1.33  Mev.  Except  during 

the  short  periods  of  time  when  it  was  being  used  for  measurements,  it  was 

stored  in  a  lead  container  with  walls  approximately  10  cm  thick  to  reduce 

60 

exposia’e  of  personnel  to  Co  radiation  to  a  minimum. 

Apparatus  for  non- 
nuclear  density  measurements 

26.  Samples  for  nonnuclear  density  measurements  were  taken  with  a 

gravimetric  device  consisting  of  a  rectangular  thin-’walloJ  box,  two  spoons, 

a  scoop,  a  pan,  and  a  brush  (fig.  2).  The  box  v/as  open  at  the  top  and  bot- 

■3 

tom  ana  contained  1168.2  cm  of  material  v/hen  the  height  of  the  material  in 
the  box  was  5*09  cm. 


Fig.  2.  Apparatus  used  to  obtain  sand  samples 
for  density  determinations 


Tost  Frogran 


27 •  The  test  program  was  divided  into  two  phases.  In  the  first 
phase,  gamma-ray  photons  that  passed  from  the  Co^^  source  to  the  Hal  crys 


tal  detector  through  materials  cf  known  physical  properties  were  measured 


to  Gstublisii  3.  1‘oi't‘i'GiiGG  foi'  inG3Surcnient s  on  soils.  In  th6  sGConci  phasGj 
measurements  were  made  on  two  samples  of  air-dry  Yuma  sand  that  were  con¬ 
structed  to  different  densities.  The  data  from  these  measurements  per¬ 
mitted  computation  of  the  mean  de;.sity  of  horizontal  layers  of  soil  located 
between  the  source  and  the  detector. 

First  phase 

28.  Tlie  first  phase  of  the  test  program  consisted  of  establishing 
the  relation  between  the  spectrum  of  gamma-ray  counts  versus  channel  nuirher 
(energy  level)  for  a  reference  material,  and  the  mass  attenuation  coeffi¬ 
cient,  density,  and  thickness  of  that  material. 

29.  Reference  material.  Reference  spectra  were  measured  on  aluminum 
and  steel  plates,  3.8  cm  thick  and  approximately  30. ^+8  cm  s:iuare,  placed 
between  the  source  and  the  detector.  Aluminum  plates  were  used  because  the 
plates  and  information  on  the  physical  properties  of  aluminum  were  readily 
available.  The  aluminum  plates  were  augmented  by  a  denser  material,  steel, 
because  the  total  thickness  of  aluminum  that  could  be  measured,  and  thereby 
the  range  of  measurements  that  could  be  defined,  was  limited  by  the  dis¬ 
tance  separating  the  source  from  the  detector .  By  comparing  the  number  of 
gamma-ray  counts  transmitted  through  steel  and  aluminum  plates,  it  was 
found  that  a  1-cm  thickness  of  steel  was  equivalent  to  a  2.83-cm  thickness 
of  aluminum. 

30.  Measurement  procedure .  Reference  measurements  were  made  by 
sorting  and  storing  gamma-ray  counts  with  the  pulse-height  analyzer  for  a 
live  time  of  10  min.  The  Co^*^  source  and  the  detector  were  separated  by  a 
distance  of  159.7  cm.  The  source  was  surrounded  on  five  of  six  sides  with 
steel  plates  to  form  a  shield  with  walls  approximately  15  cm  thick.  The 
unshielded  side  provided  a  window  through  which  the  energy  could  be  radi¬ 
ated  in  the  direction  of  the  detector.  Extraneous  radiation  passing 
through  the  window  of  the  shield  was  reduced  to  a  minimum  by  placing  the 
aluminum,  and  steel  reference  plates  in  the  space  between  the  source  and 
the  detector  so  they  would  cover  the  window. 

31.  Radiation  was  first  measured  through  a  steel  plate  l6.h  cm  thick 
(equivalent  to  an  aluminum  thickness  of  l6.4  x  2.83  =  46.4  cm).  Subse¬ 
quently,  radiation  was  measured  following  the  addition  of  each  of  three 
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3.8-cm-thick  aluminum  plates,  to  a  total  thick)',esG  e'iuivaleiit  to  an  alumi- 
rum  thiclcness  of  57*S  cm.  The  three  alumiruni  plates  were  then  replaced  by 
a  3.8-cm-thick  steel  plate,  and  radiation  v/as  measured.  The  thickaiess  of 
the  two  steel  plates  v;as  equivalent  to  an  aluminum  thickness  of  'i/.l  cm. 
VJith  the  steel  plates  remaining:  in  position,  sahse';uent  measuremt-nts  v.-ore 
made  following  the  addition  of  each  of  five  3 alurrdnutri  piates, 
to  a  total  thickness  equivalent  to  an  aluminum  thicluiess  of  76.1  cm. 

32.  Each  measurement  of  radiation  through  the  i-t^feren-M-  plates  v;as 
accompanied  by  a  measurement  of  background  radiation  taker  for  a  JC-min 
live  time  with  the  source  removed  from  the  test  area. 

Second  phase 

33*  Soil  tested.  In  the  second  phase,  radiation  was  measured 
through  two  samples  of  Yuma  sand,  each  constructed  to  a  •.aiifoi'!;.  density  and 
moisture  content.  The  first  sample  'was  prepjared  to  a  lo'wer  dei.sity  than 
the  second,  so  that  the  ability  to  distinguish  differt.-nt  densities  by 
gamma-ray  measurements  could  be  assessed.  Yuma  sand  is  a  wind-sorted  fine 
sand  containing  predominantly  quartz.  The  particle  sizes  are  n<--arly  'uni¬ 
form,  'With  95  percent  of  the  particles  being  between  O.O7  and  O.3O  mm  in 
diameter.  All  of  the  particles  are  between  O.O6  and  0.[3  mm  in  diameter. 

A  gradation  curve  and  classification  according  to  the  Unified  Soil  Classi¬ 
fication  System  appear  in  fig.  3*  Sand  used  in  these  tests  'was  obtained 
from  stockpiles  located  at  the  WES.  Prior  to  use,  it  v/as  di'.-, sted  of  roots 
and  ctVier  foreign  material  ar.d  air  dri-^d  'oO  a  mcistur^r  cr  r  ter't  c  f  ai-pr 
mat  e ly  0 . S  percent. 

3^.  Sample  preparation.  Samples  were  prepared  ir,  a  -onci-ete  pit 
located  in  the  Mobility  Research  Branch  (MRB)  large-scale  test  facility. 

The  pit  is  51*82  m  long,  3*5*<  m  'wide,  and  1.68  m  deep,  'witli  ti'acks  dowr'. 
each  side  to  allow  movement  of  test  carts  and  instrume-nt  platforms  lown  tli  ' 
length  of  the  test  area  without  disturbing  the  sample.  The  firs’-  cample 
v;as  constructed  to  a  height  of  121.8  cm,  and  the  second  to  a  heign-^  of 
I2U.5  cm  from  the  bottom  of  the  pit. 

35*  Sand  was  placed  in  the  pit  in  tliin  layers  'witli  a  spreader 
(fig.  4)  designed  to  travel  along  the  tracks  and  distribute  the  sat;  i  uni¬ 
formly  over  the  surface  of  the  .sample.  The  density  of  tiie  .sam])le  wa.s 
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Fig.  4.  Sand  spreader 


controlled  by  adjusting  the  rate  of  flow  of  the  sand  and  the  distance  the 
sand  fell  from  the  spreader  to  the  top  surface  of  the  sample  being  con¬ 
structed.  A  predetermined  density  could  be  obtained,  provided  the  rate  of 
travel  over  the  test  pit  was  constant. 

36.  During  preparation  of  a  sample,  access  holes  v;ore  formed  in  it 
for  the  radioactive  source  and  the  detector.  The  holes  for  the  source  v/ero 
formed  with  aluminum  tubes  7*6  cm  in  diameter  and  v/ith  v;alls  O.JtK  cm  tliic-k. 
Wooden  frames  30*5  cm  s>iuare  and  with  walls  1.3  cm  thick  v:ere  used  to  form 
the  access  holes  for  the  detector.  The  tubes  and  frames  were  in  sections 
15 ‘2  cm  long  that  could  be  joined  by  tongue-and-groove  construction.  As 
the  sand  in  the  pit  neared  the  top  of  the  tubes  and  frames,  sections  v/ere 
joined  until  the  final  height  of  the  sample  to  be  tested  was  reached. 

37*  Prior  to  placement  of  the  first  layer  of  sand,  sections  of 
tubes  and  frames  were  placed  vertically  in  the  pit  at  the  locations  shown 
in  fig.  5}  with  the  tubes  along  the  center  line  and  the  frames  on  opposite 


Fig.  5.  Location  of  access  holes 

sides  of  the  tubes.  In  this  arrangement,  a  source  access  hole  v/as  commun 
to  two  detector  access  holes.  The  wooden  frames  v/cre  situated  so 
thickness  of  sand  between  a  frame  and  the  alvuninxun  tube  was  121.9  cm.  Dur¬ 
ing  preparation  of  the  sample,  the  tubes  and  frames  were  temporarily  covered 
to  prohibit  sand  from  entering  the  access  holes. 

38.  Nonnuclear  density  measurements.  During  construction  of  tl'.c 
large  samples  of  sand,  a  few  small  samples  were  taker  from  locations 

( 
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•t  tja  t  t  th(.  iete  ;tor  access  holes  for  determinations  of  density  by  con- 
Vc;.t'o!.al  •■'..■thols.  The  small  samples  were  obtained  by  pushing  the  density 
1  o.-:  (I’i:-.  2)  Into  the  sand  lu  til  the  lower  surface  of  the  collar  of  the  box 
..as  it.  firm  contact  v.'Lth  the  sand.  At  this  point,  the  level  of  sand  in  the 
l.'>x  ai'proximately  0.25  cm  high.er  thaii  the  desired  upper  level  and  about 
1.2;  DC  low  tl;e  upprr  surface  of  the  collar.  The  excess  sand  in  the  box 

•..•a.:  •ar-.-fully  removed  to  the  desired  level  by  using  a  short  spoon  designed 
tiiat  tiie  spoon  cut  tlie  sand  to  the  desired  level  when  the  shoulders  of 
tic'  ;,ioon  Were  in  contact  with,  tlie  upper  surface  of  the  box.  A  scoop  was 
tl.’-t.  used  to  remove  the  sand  remaining  in  the  box  to  within  0.25  cm  of  the 
h  slr'‘d  lower  l-'vol .  This  sand  was  carefully  placed  in  a  pan.  A  spoon 
‘I."  cm  loi.gor  tiran  the  first  one  v;as  then  used  to  remove  the  sand  that  re- 
'•■ih'.cl  i;  the  box  and  convey  it  to  the  pan.  Grains  of  sand  that  adhered  to 
tdi'-  3  ••.)op  :in  i  long  spoon  v.'cre  brushed  into  the  pan.  The  kno’wn  volume 
(  i  16-  .2  cm^)  of  sand  in  the  pan  v/as  then  v/eighed  and  tlie  density  computed. 

3  Gamma-ray  measurement  teclmiiue.  For  the  gamma-ray  measure- 
mer.ts.  tlie  height  of  the  socrce  and  the  detector  within  the  access  holes 
ha  I  to  be  changed  v/hile  a  constant  source-to-detector  distance  was  main- 
tainci.  This  was  accomplished  by  suspending  the  source  and  the  detector 
from  .a  ir.ovablc  beam  positioned  across  the  pit.  C.lamps  attached  to  suepen- 
3  ion  cal'les  facilitated  prepositioning  the  source  and  the  detector  to  the 
desired  depths. 

he.  To  define  tlie  gamma  radiation  passing  through  layers  of  soil,  it 
was  i.ecessary  to  ensure  tliat  the  source  and  the  detector  were  accurately 
aligned  in  tlie  same  l,orlzontal  plane.  This  was  done  by  positioning  the 
ra.iioactive  source  at  the  same  elevation  as  the  midpoint  of  the  Nal  crystal 
.in  tlu  detector  assemibly.  The  Na.[  crystal  was  12.7  cm  high  and  was  located 
in  tlic  bottom  of  the  ietector  assembly.  Therefore,  optimum  alignment  of 
tin.-  source  and  the  detector  was  achieved  when  the  source  was  positioned  in 
tiie  ac  '.'ss  hole  6.35  cm  higher  than  the  bottom  of  the  detector  assembly. 

Ti.e  ir  itlal  m-'asurem''nts  were  i.nade  in  each  access  hole  with  the  bottom  of 
tlic  ietfctor  cm  from  the  bottom  of  the  pit  and  that  of  the  source  12.7 
(.mi  i'rom  the  bottom  of  the  pit.  Subsequent  measurements  v;ere  made  each  time 
tiie  S'.'urce  and  detector  v.'ere  raised  12.7  cm. 


14 


Ul.  Five  layers  \-iere  measured  in  sample  No.  1.  An  initial  measure¬ 
ment  v/as  made  of  the  first  three  12.7-cm  layers  v/itli  the  sample  constructed 
to  an  averafie  height  of  51  .0  cm.  After  coi.structior  had  progressed  to  a 
final  hei{jht  of  121. B  cm,  measurements  v/ere  n.-peated  on  tliese  three  layers 
and  v/ere  made  on  two  additional  12.7-em  layers  above  tlio  original  lieight  of 


51.0  cm. 

ii2.  After  sample  No.  2  had  beer,  constructe  l  to  an*  ave'  age  height  of 
118.1  cn,  nine  l.ayers  v/ere  measured  at  increments  of  12.7  eir;.  A  fin.al 
layer  v/as  measured  6.^^  cm  above  tlie  level  of  the  ninth  measuremci.t  in  four 
of  the  six  access  holes.  Because  of  a  slight  nonuniformity  iii  th.e  Imiglit 
of  the  sample  on  one  end,  tlie  fir.al  measurements  for  holes  1  and  6  v/e-rc 
made  V.6  cm  above  the  ninth  measurement.  Dead  times  in  excess  of  15  per¬ 
cent,  v/hlch  indicated  that  excessive  radiation  v/as  impinging  on  the  detec¬ 
tor,  proliibited  measurements  any  nearer  the  top  surface  of  the  soil 
samples . 

43.  Test  procedure.  Ih-zo  gamma-ray  ineasurem.ents ,  each  for  a  lO-mln 
live  time,  were  made  at  each  detector  and  soui’ce  height.  One  v/as  a  back¬ 
ground  measurement  made  with  the  detector  suspended  at  the  desired  heiglit 
in  the  access  hole,  but  with  the  Co^^  source  removed  from  the  test  ana. 

The  other  v/as  similar  to  the  first  in  all  respects,  except  it  v/as  m.ade  v/ith 


the  source  placed  in  its  access  hole  at  a  heiglit  tliat  v/ould  position  it  at 
the  same  elevation  as  the  midpoint  of  the  Nal  crystal  (i/aragraph  4o) . 


15 


PART  IV;  REDUCTION  AND  ANALYSIS  OF  DATA 


Data  Reduction 


Spectra  correction 

44.  Gain  and  base-line  shift.  The  output  of  the  gaimna-ray  spectrom¬ 
eter  was  a  spectrum  of  the  number  of  photon  counts  accumulated  during  a 
moas’iroment  of  preset  LO-min  live  time  versus  channel  number.  Each  channel 
contained  an  enor,-^  range  of  O.Ol4l68  Mev  so  that  the  peak  counts  for  Co^^, 
which  lias  an  enerf^  of  1.33  Mev,  were  normally  located  In  channel  93*9 
(1.33  +  O.Ol4l68  =  93.9)-  However,  instrumentation  variations  in  gain  and 
base  line  caused  the  peak  to  shift  to  adjacent  channels.  For  this  reason, 
the  spectra  measured  on  the  sand  samples  were  corrected  with  a  computer 
program'  designed  to  relocate  the  counts  in  their  proper  channels. 

45.  The  computer  program  was  written  for  measurements  taken  for  a 
100-min  live  time  and  the  measurements  in  this  study  were  taken  for  a  10- 
min  live  time.  Thus,  the  output  of  the  computer  program  was  10  times  the 
number  of  counts  measured  in  each  channel.  Since  the  reference  measure¬ 
ments  wore  not  computer  corrected,  they  had  to  be  multiplied  by  10  for 
comparison  with  the  various  soil  measurements, 

46.  Background  radiation.  The  gamma-ray  spectra  of  the  radiation 
from  the  Co  source  were  records  of  the  photon  counts  not  only  fror..  the 
radioactive  source,  but  also  from  all  other  sources  of  radioactivity  that 
constituted  the  background.  The  background  counts  were  found  to  vary  over 
a  wide  range,  so  that  it  was  desirable  to  minimize  their  contribution 
prior  to  analysis  of  the  data.  This  was  accomplished  by  subtracting  the 
number  of  counts  of  the  backgi’ound  spectrum  in  each  cliannel  between  channel 
90  and  channel  100  from  the  number  of  counts  in  the  corresponding  channel 
of  the  spectrum  measured  with  the  radioactive  source.  The  channels  be- 

•  6o 

tween  90  and  100  were  used  because  the  peak  counts  for  Co  were  always 
contained  within  these  limits,  regardless  of  spectrum  shifts  due  to  gain 
and  base-line  variations. 

Method  for  computing  sand  density  Pg 

47.  Since  aluminum  tubes  and  wooden  boxes  were  used  to  form  holes  in 
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the  samples  for  access  to  the  source  and  the  detector,  gamma  radiation  from 
the  source  was  attenuated  by  the  alianinum.  and  wood  as  well  as  by  the  soil 
prior  to  reaching  the  detector.  If  the  mass  attenuation  coefficient,  den¬ 
sity,  and  thickness  of  the  wood  are  expressed  as  \  aaci  the 

mass  attenuation  coefficient,  density,  and  thickness  of  the  alvuninum  as 
)  and  ,  equation  8  can  be  written: 

to  include  the  additional  attenuation  of  aluminum  and  wood.  Then 

-  Woi  ■  Ww  -  -Wr  *  2  '13) 

and 

"s  ■=  [- W.;  ■  Wv,  ^  Wr  -  l-’C'll'l)  *  2  lierAs)]  '1"’ 

48.  The  teme  \  \  \  .  P,  .  4*,  .  P„  .  \  . 

and  in  equation  lU  remained  constant  for  all  measurements  in  this 

study,  while  D  ,  x  ,  K.  ,  and  L.  could  differ  for  each  measurement. 

S  S  X  1 

The  methods  used  to  determine  the  values  for  both  the  constant  and  variable 
terms  are  discussed  in  the  paragraphs  that  follow. 

U9.  Determination  of  T\^  ,  The  mass  attenuation  coefficient  of 

the  aluminum  places  '(l^  was  determined  from  rneasurements  made  in  the  first 
phase  of  this  study.  Each  time  a  3.8-cra-tliick  aluminum  plate  v.'a;:  placed 
between  the  source  and  detector,  the  Co^^  counts  diminished  according  to 
the  equation 


(15) 


where 

=  number  of  photon  counts  for  a  thickness  of  an  attenuating  material 
Ng  =  nxunber  of  photon  counts  for  an  additional  thickness  of  tlie 
attenuating  material 
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Q 

Sinju  p_  and  x  were  kiiovai  (p  =  2.6/  g/cra'^;  x  =  3.8  cm),  Tj  ^  could 
r-  r  r  r  r 

ordinarily  be  computed  from  equation  L'u  by  r.ubntitutinif  the  peak  Do  counts 

obtained  in  tlie  refei-ence  measurements  for  N,  and  N_  . 

i  ^  60 

50.  ..he  family  of  reference  curves  obtained  by  measuring  the  Co 
radiation  through  various  thicknesses  equivalent  to  those  of  aluminum  is 
showTi  in  fig.  6.  Instead  of  all  occurring  in  the  same  channel  for  each 
micasuremont,  the  peak  counts  remained  located  near  the  same  channel  for 
thicknesses  equivalent  to  aluminiun  between  57.8  and  /6.2  cm,  but  shifted  to 
liigher  nvunbered  channels  for  thicknesses  less  than  57.8  cm.  Because  of  the 
sliift  in  cliannel  locations  of  the  Co*^^  peak  counts,  it  vms  necessary  to  ad¬ 
just  tlie  number  of  counts  in  the  peaks  for  each  measurement  by  the  ratio  of 
the  channel  location  of  the  peak  counts  for  each  measurement  to  the  average 
channel  location  of  the  peak  for  all  measurements.  Thus  equation  15  must 
be  wi'itten 


and 


■=  “I’  (-\'‘r=‘r) 


(16) 


\  - 


P  X 
^r  r 


(17) 


wliere 

-  ratio  of  the  channel  location  of  the  photon  counts  to  the 

average  channel  location  of  the  photon  counts  for  all  reference 
measurements 

-  ratio  of  the  channel  location  of  the  photon  counts  N2  to  the 
average  channel  location  of  the  photon  counts  for  all  reference 
measurements 

51.  The  channel  location  of  the  Co^^  peak  counts  in  the  reference 
measurements  vras  determined  in  the  following  manner: 

a.  If  the  channel  containing  the  greatest  number  of  counts  in  a 
reference  spectrum  (fig.  6  and  table  l)  contained  at  least 
1  percent  more  counts  than  either  the  next  higher  or  next 
lov;or  channel,  the  peak  counts  were  considered  located  in 
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PEAK  COUNTS 


10* 


10' 


ea 


90 


92 


9«  96 

CHANNEL  NUMBER 


98 


100 


102 


Fig.  6.  Reference  curves  for  equi'vaient  al  min.’jn 
thickness  and  a  cobalt  60  soiu’ce 


the  channel  containing  the  greatest  number  of  counts. 

b.  If  the  channel  containing  the  greatest  number  of  counts  had 
fewer  tlian  I  percent  more  counts  than  either  the  next  higher 
or  next  lower  channel,  the  peak  coxants  were  considered  lo¬ 
cated  mldv;ay  between  the  channel  containing  the  greatest 
number  of  eoiuits  and  the  channel  containing  loss  than  1  per¬ 
cent  fewer  counts. 

c.  In  the  spectrum  for  an  equi\'alont  aluminum  thickness  of  60.9 
cm,  which  contained  peak  counts  in  both  channels  93  and  95 » 
the  peak  was  considered  located  in  channel  9^>  since  channels 
93  and  95  contained  nearly  tlie  same  number  of  counts. 

d.  The  location  of  the  peak  counts  was  not  determined  for  the 
cpecti’a  for  an  equivalent  aluminum  thickness  of  72.3  or  76.1 
cm.  The  fluctuations  in  counts  from  channel  to  channel  in 


the  spectrum  for  the  former  and  the  negative  counts  in  the 
spectrum  for  the  latter  indicate  that  counts  accumulated  for 

60 

these  measurements  with  the  Co  source  were  not  signifi¬ 
cantly  greater  than  the  backgi’ound  spectra  for  these 
measurements. 

52.  Tlie  Locations  of  the  peak  Co^*^  counts  determined  in  this  manner 
for  the  eight  reference  spectra  that  wore  considered  and  the  average  channel 
location  of  the  peak  coiuits  for  all  of  these  spectra  are  tabulated  below. 


Equivalent 
Aluminum 
Thickness,  cm 

location  of 
Cobalt  60  Peak 
Coiuits,  Channel 

A 

46.4 

97.5 

1.03 

50.2 

96.0 

1.01 

54.0 

95.0 

l.OO 

57.8 

94.0 

0.99 

57.1 

95.0 

1.00 

60.9 

94.0 

0.99 

64.  j 

93.0 

0.98 

68.5 

94.0 

Avg  94.8 

0.99 

8356 

U91h 

2918 

174? 


0.05426 

0.05235 

0.05155 


19:1 

1034 


62. 

384 

Avg 


0.06152 

0.05062 

0.04701 


0.05289 


53.  Ihe  average  ‘'ocation  of  the  Co  peak  counts  was  channel  94.8. 

The  value  for  I  is  the*  ratio  of  the  Co^*^  peak  location  of  each  spectrum 
to  94. 3.  The  number  of  counts  11  was  taken  directly  from  table  1  for  each 
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spectrum  except  for  N  for  an  equivalent  aluminum  thickness  of  46.4  cm, 

which  is  the  average  of  counts  in  channels  97  and  9^.  The  mass  attenuation 

coefficient  of  the  reference  places  T|^  v;as  computed  by  equation  17  for 

each  thickness  of  aluminum  (not  equivalent  thickness).  Then  the  average 

2 

mass  attenuation  coefficient  for  all  aluminum  thicknesses,  0.0529  cm  /g, 

was  used  in  equation  l4  to  compute  the  sand  density. 

54.  Evaluation  of  71  „  .  Since  the  aluminum  plates  and  the  aluminum 

_ _ oil  60 

tubes  forming  the  source  access  holes  were  both  measured  with  Co  ,  in 

both  cases  was  considered  equal  to  0.0529  cm^ /g. 

55*  Determination  of  7|^  .  The  mass  attenuation  coefficient  for 

sand  and  that  i^or  aluminum  for  an  energy  level  of  1.25  Mev  are  available 

0 

in  published  tables.  Therefore,  the  mass  attenuation  coefficient  for  sand 
at  the  energy  level  of  Co*^*^  (E  =  1.33  Mev)  could  be  detc-nriined  by  the 
equation 


71^(1.25)  71^(1.33) 

\7i  .^51  '■ 


where 


7)  (1.25)  =  mass  attenuation  coefficient  of  sand  v;hen  E  -  1.25  Mev, 

®  2 

equals  0.056?  cm  /g  (from  reference  8) 

T|  (1.25)  =  mass  attenuation  coefficient  of  aluminum  v;hon  E  -  1,25 


'al 


Mev,  equals  0.0548  cm  /g  (from  reference  8) 


71  (1.33)  =  mass  attenuation  coefficient  of  sand  when  E  =  1.33  Mev, 

s  2 

equals  0.054?  cm  /g  (from  equation  18) 

71  (1-33)  =  mass  attenuation  coefficient  of  aluminuiri  plates  v;hen 
r  2 

E  =  1.33  Mev,  equals  0.0529  cm  ''g  (from  paragraph  531 

56.  Determination  of  7]^  .  In  the  same  manner,  the  mass  attenuation 

coefficient  of  wood  was  determined  by  the  equation 

11^(1.25)  Vl.33) 


where 

71^(1,25)  =  mass  attenuation  coefficient  of  v7ood  when  E  =  1.25  Mev, 
equals  O.O60?  cm^/g  (from  reference  3) 
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T1  (1.33)  =  mass  attenuation  coefficient  of  v;ood  when  E  =  1.33  Mev, 
equals  0.0586  cm'/s  (from  equation  19) 

57.  Determination  of  ?  and  p^^  .  The  purity  of  the  alumi¬ 

num  used  in  the  f^amma-ray  measurements  was  not  known,  so  density  values  pub¬ 
lished  in  available  tables  could  not  be  used.  Therefore,  the  density  of  the 
aluitiiiuim  plates  p^  was  determined  from  gravimetric  measurements  and  fo\md 
to  be  2.67  g/cm^.  This  value  was  also  used  as  the  density  of  the  aluminum 

tubes  p  .  The  density  of  wood  p  v;as  also  determined  by  gravimetric 

a.  ^  w 

measurement  to  be  0.50  g/cm^. 

58.  Determination  of  x  ^  ,  x  ,  x  ,  and  D  .  The  thicknesses  of 

_ Cy  t  w  _ 

the  v^alls  of  the  aliuninvim  tubes  x  .  of  the  wood  x  ,  and  of  the  refer- 

Oft  w 

ence  nlates  x  were  measured  in  a  conventional  manner.  The  distance  D 
r  ^ 

was  measured  at  the  time  the  reference  measurements  were  made.  Values  for 
these  parameters  were  as  follows : 

X  .  =  0.483  om 
On 

X  =  1.27  cm 
w 

X  =  64.7  cm 
r 

D  =  159*7  cm 
r 

59.  Evaluation  of  D  and  x  .  The  center-to-center  distance  from 

s  s 

source  to  detector  for  measurements  on  the  soil  D  and  the  thickness  of 

the  soil  X  were  measured  at  the  time  gamma  radiation  was  measured, 
s 

60.  Evaluation  of  .  To  determine  the  value  for  ,  it  was 
necessary  to  multiply  by  10  the  counts  in  each  channel  of  the  reference 
spectriup.  to  adjust  for  the  difference  in  the  live  time  for  which  the  com- 
putei*  program  was  written  (lOO  min)  and  the  live  time  of  the  reference  meas¬ 
urements  (10  min),  as  explained  in  paragraph  Up.  A  typical  soil  measurement 
(r'ln  rio.  I  /32-I731)  and  the  reference  measurement  (x  10)  for  an  equivalent 
aluminui!!  thickness  of  64,7  cm  are  shown  in  fig.  7.  This  particular  refer¬ 
ence  sp.  (^trum  was  selected  because  the  coiuits  defining  it  were  close  to 
those  measured  through  sand  and  the  channels  defining  this  spectrum  always 
contained  a  greater  niunber  of  counts  than  the  corresponding  channels  defin¬ 
ing  the  soil  spectra.  The  number  of  counts  in  each  channel  and  the  average 
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REFERENCE  MEASUREMENT  •  10 


Fig.  7.  Comparison 
cf  peak  counts  for 
soil  measurement  and 
reference  measurement 
run  Wo.  1732-1731 


counts 

of  the  two  spectra 

are  tabulated  below. 

Reference 

Reference 

Channel 

Measurements 

Soil  1 

Channel  Measurements 

Soil 

Wo. 

(x  10)  Measurement 

Wo. 

(X  10) 

Measurement 

90 

1+680 

2476 

96 

5160 

2570 

91 

5120 

2629 

97 

3780 

1642 

92 

5580 

3098 

98 

2860 

1398 

93 

6250 

3618 

99 

1660 

816 

94 

6130 

3642 

100 

64o 

213 

95 

5770 

3286 

Avg  4331.8 

2308.0 

61.  The  value  of  ,  the  average  proportional  change  in  the  verti¬ 
cal  direction  required  to  achieve  coincidence  or  near  coincidence  of  tlie 
soil  and  reference  spectrum,  was  determined  by  the  equation 
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K. 

1 


(20) 


rj^(av(^) 

N^^(avc) 


whc-re 

i\'^(av,;)  -  the  average  of  the  niunber  of  photon  counts  contained  within 

ij 

channels  90rl00  detected  in  a  LO-min  live  time  for  soil 
measurements 

il  (aVf'')  =  the  average  of  the  number  of  photon  counts  contained  within 
channels  90-100  detected  in  a  10-min  live  time  for  the 
reference  measurement 


For  rim  Mo.  1732-17'U 


K. 

1 


Ng(avg) 

h^(avg) 


2308.0 

4331.8 


-  0.53 


(21) 


62.  In  practice,  the  value  of  was  determined  by  overlaying  the 
rcfei’enee  spectrum  on  each  of  the  soil  spectra  and,  while  maintaining  hori¬ 
zontal  alignment  of  the  tv/o  spectra,  adjusting  the  reference  spectrum  in 
the  vertical  direction  imtil  it  was  in  coincidence  or  near  coincidence  with 
the  soil  spectrum.  V/ith  the  two  spectra  aligned  in  this  manner,  was 
found  by  dividing  a  convenient  number  on  the  vertical  axis  of  the  soil 
spoctr  un  by  the  niunber  on  the  reference  spectrum  directly  underlying  it, 

63.  Evaluation  of  .  The  average  proportional  change  in  the 

horizontal  direction  '  '  required  to  achieve  coincidence  or  near  coinci¬ 

dence  of  the  soil  and  reference'  spectra  was  found  by  the  equation 


L 


i 


(22) 


where 

C  -  cliannel  location  of  Co^*^  photopeak  in  the  soil  spectrum 

^  60 

-  channel  location  of  Co  photopeak  in  the  reference  spectrum, 
epials  93.0  for  the  reference  spectriun  used  in  this  study 
The  criteria  stated  in  paragraph  “^^l  v/ere  used  to  determine  the  location  of 

60 

the  peak  Co  counts  in  the  reference  spectriun  and  in  the  soil  measurements. 
By  using  run  IIo.  1 '’32-1731  for  an  example,  the  peak  counts  were  determined 
to  be  located  in  channel  93.5.  Tlierefore, 
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1.01 


(23) 


T  -  ^  -  21:2 

i  ■■  "  93.0 


64.  Siunmary.  Constantr,  used  to  compute  the  density  for  all  measure¬ 
ments  and  values  determined  for  run  No.  1732-1731  are  summarized  belov;. 
a.  Photon  count; 


Channel  Source  in  Position  Source  Kemoved 

No.  (Hun  No.  1732)  C^.un  No.  1731) 


90 

9,597 

7,121 

91 

9,165 

6,536 

92 

9,4o6 

6,308 

93 

9,623 

6,005 

94 

9,766 

6,124 

95 

10,126 

6,840 

96 

10,421 

7,851 

97 

10,852 

9,210 

98 

12,463 

11,065 

99 

15,426 

14 ,610 

100 

20,053 

19.81(0 

I'ota] 

126,8^ 

1  otal 

101,510 

Constants ; 

Ti^  =  0.0529  err 

=  2.67  g/ern^ 

T|  =  0.0586  cm 
w 

D 

r 

=  159.7  cm 

1]^^  =  0.0529  cm 

^/z 

X 

r 

=  OM . 7  cm 

7]  =  0.0547  cm 

^/z 

X 

=  1,27  cm 

s 

M 

p^,  =  2.67  g  cm 

3 

=  0.48  cm 

p^  =  0.50  g/cm 

3 

c 

r 

=  93.0 

Variables : 

D  =  l4l.6  cm 
s 

K.  = 

1 

0.53 

h 

-  1.01 

X  =  120.8  cm 
s 

c  = 

s 

93.5 

d.  Result  of  Computation; 

p  =  1.50  g/cra^ 
s 
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Test  Results 


65 .  Data  from  the  ga'a'iia-ray  tests  are  surunarized  in  table  2  and 
listed  in  detail  in  talle  3.  The  access  hole  nu'nbers  identify  the  detector 
locations  during  the  measurements  and  correspond  to  the  numbers  in  fig.  5* 
Soil  sample  heights  were  measured  from  the  bottom  of  the  pit  to  the  top 
surface  of  the  soil.  The  source  and  detector  heights  were  measured  from 
the  bottom  of  the  source  and  the  detector  to  the  bottom  of  the  pit. 

66.  The  density  measurements  listed  in  tables  2  and  3  are  presented 
graphically  in  plates  1  and  2  as  profiles  of  density  versus  source  height 
for  the  various  access  holes .  A  compeirison  of  densities  at  veirious  sovirce 
heights  is  graphically  presented  in  plates  3  and  4.  Plate  5  shows  meas¬ 
urements  made  on  sarriple  1  when  it  had  been  constructed  to  a  height  of  ap¬ 
proximately  51.0  cm  compared  \>rith  measurements  made  after  the  sample  had 
been  constructed  to  its  final  height  of  approximately  121.8  cm. 

Top  layer  measurements 

67.  Measurements  made  near  the  surface  of  the  sample  were  inaccurate 
because  radiation  from  the  source  "leaked"  over  the  top  of  the  soil  to  the 
detector.  This  leakage  resulted  in  a  combination  of  soil  and  air  above  the 
soil  affecting  the  measurement.  Since  the  density  of  air  is  less  than  the 
density  of  the  soil,  an  increase  in  counting  rate  occurred  that  resulted  in 
an  increase  in  the  dead  time  to  approximately  15  percent.  A  dead  time  of 
15  percent  was  considered  raajcimum  for  these  measurements . 

68.  The  errors  resulting  from  measurements  made  near  the  surface  of 
the  sample  are  evident  in  plate  4.  The  final  measurements  on  sample  2  were 
maxle  approximately  3*76  cm  beneath  the  surface  of  the  sample  (source  height 
120.7  cm).  The  densities  measured  at  this  depth  were  nonuniform  and  varied 
from  1.36  to  1.61  g/cm'^.  Measurements  at  all  other  depths  were  between 
1.45  and  1.56  g/cm^. 

Comparison  of  densities  measured 
during  and  after  sample  construction 

69.  Gamma  radiation  was  measured  at  three  heights  during  construction 
of  sample  1  and  again  at  the  same  heights  after  completion  of  construction. 
The  initial  measuremen-*.  s  were  made  on  the  three  layers  closest  to  the 
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bottom  of  the  cample  after  it  had  been  constructed  to  a  hei<;)it  of  approxi¬ 
mately  51.0  cm.  Final  measurements  were  made  after  a  sample  heicht  of 
121.8  cm  had  been  reached.  These  measurements  are  compared  in  plate 
The  density  can  be  seen  to  have  increased  slightly  in  all  holes  after  the 
initial  measurements  were  made.  This  increase  probably  v/ac  caused  by  an 
increase  in  static  pressure  in  the  lovrcr  level  of  the  pit  as  tlie  sample 
was  constructed. 


Analysis  of  Hata 

70.  From  the  measurements  in  this  study,  an  estimate  can  be  made  of 
the  minimum  and  maximum  allowable  thicknesses  of  the  stunplc,  t.he  optimum, 
thickness  of  the  sample  consistent  with  the  accuracy  desired,  the  suitabil¬ 
ity  of  the  Co^®  source  for  these  measurements,  the  thiciuiesc  of  the  layer 
that  affects  the  density  measurement,  and  the  accuracy  and  suitability  of 
nuclear  density  measurements  relative  to  nonnuclear  measurements. 

Sample  thickness 

71.  Minimum.  The  minimum  sample  thickness  is  controlled  by  the 
photon  flux  that  can  impinge  upon  the  detector  \ylthout  adversely  affeetinr 
either  its  gain  or  stability.  The  maximum  flvLX  for  the  detector  used  in 
this  study  is  approximately  10,000  counto/sec.^ 

72.  To  determine  the  minimvun  cample  thickness,  values  for  a  lypicm  1 
measurement  (run  No,  1732-1731»  paragraph  6k)  were  substituted  in  etpia- 
tion  5*  (Note:  In  this  and  subsequent  determinations,  the  number  of  enmts 
in  each  channel  of  the  computer  output  was  divided  by  10  so  tliat  t)ic  ae'iial 
counts  from  tlie  source  and  backgi’ound  are  considered.) 

a.  Lot  N  equal  tlie  sura  of  counts  stored  in  chaimels  OOj 
through  199  divided  by  the  live  time  ('  00  sec).  li  9? 
counts/sec.  All  channels  must  be  considered  since  tiie 
detector  responds  to  radiation  from  all  sources. 

b.  Substitute  in  equation  5  to  obtain 

93  =  exp  -(0.09Jj7)(1.5)(i20.8)  (2'.) 
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c .  Asi:u!ne  a  conctant  »  where  AD  =  D  -  x 

—  '  s  s 

d.  Cubctitute  valuoG  from  paragraph  6U,  AD  =  l4l.6 

-  120.8  =  20.8  . 

e.  Let  =  x^  •  20.8  and  N  =  10,000  (paragraph  71 )»  and 

^  s  s  s 

obtain  valuoc  for  and  from  paragraph  64. 

s  s 

f.  Cubctitutc  tliese  values  in  equation  5  to  obtain; 

10,000  -  (x  ^20.^)  -(0.0547)(l.5)(Xg)  (25) 

2 

g.  Solve  equation  24  for  N  D  and  substitute  this  value  in 

“  o  o 

equation  25.  Then  by  iteration,  a  value  for  x  can  be 

s 

found  that  will  solve  equation  25.  Solving  for  x  in  this 

s 

maianer  yields  73.7  cm,  tlie  minimum  sample  thickness. 

73.  Maximum .  Tlie  number  of  counts  that  vdll  be  detected  from  a  ra¬ 
dioactive  source  v/ithin  a  given  live  time  will  decrease  as  the  sample  thick 
ncrc  Inci’eascG.  On  the  other  hand,  an  increase  in  sample  thickness  will 
have  no  effect  on  the  number  of  counts  detected  from  the  background.  There 
fore,  at  some  sample  thickness,  the  counts  from  the  source  vdll  equal  the 
counts  from  tlie  background.  At  any  greater  thickness,  backgroxmd  counts 
will  exceed  co\mts  from  the  source. 

7**.  If  tlie  soil  sample,  in  this  case  sample  2,  is  assumed  to  have 
tiie  stujie  density  and  moisture  content  throughout  and  the  backgroxaid  radia¬ 
tion  remains  at  a  constant  level,  the  maximum  thickness  of  the  sample  for 
denr.ity  measurements  in  this  soil  material  can  be  determined.  Substitute 
values  from  lain  No.  1732-1731  in  equation  5  in  the  following  manner: 

a.  Let  D  =  AD  +  x  =  20.8  +  x 

s 

b.  Let  N  =  N  -  N. 

—  s  s^b  b 

whore 

=  total  number  of  counts  in  channels  90  through 
100  for  measurement  with  the  Co^®  source  in 
position,  equals  12,690 

ri^  =  total  number  of  counts  in  channels  90  through 
100  for  measurement  with  the  radioactive 
source  removed,  equals  10,151 
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9 
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c.  From  run  No.  1732-1731 »  obtain  values  for  ^ 

S  k 


and 


(paraf  i-aph  6U). 


d. 

e. 


Substitute  these  values  in  equation  5  and  solve  for  II  D  . 

2  °  ° 

Substitute  this  vrJ.ue  for  N  D  in  equation  5  and  replace 

0  0 


the  value  for  x  from  i-in  No.  1732-1731  (120.8  cm)  vdth 
other  values  to  determine  what  II  would  ’lave  been  if  the 

E 

cample  thickness  had  been  some  thicknecc  x  .  In  1-ablo  4 

predicted  values  for  11^  arc  cliovm  for  various  sample  thick* 

nesses  x  betv:een  ](X).00  and  l'^1.25  cm. 
s 

75.  Statistically,  the  number  of  counts  detected  idthin  a  certain 

7  10 

live  time  obeys  the  Poisson  distribution.  ’  Therefore,  tlie  standard  de¬ 
viation  o  of  the  number  of  counts  N  is 


o  = 


N 


(26) 


Statistical  uncertainty  exists  for  both  soil  and  backcround  measurements, 

i.e.  measurements  made  with  and  without  the  radioactive  source  in  position, 

so  that  both  N  and  N.  must  be  considered.  Tlierefore,^^ 
s+b  b  * 

%  *  Nt  (2/) 

Since  N|^  will  remain  constant  independent  of  a  charujing  x^  ,  and  at 

the  same  time  N  ..  decreases  \lth  increasing  values  of  x  ,  o,,  will  de- 

crease  as  x  increases.  Table  U  shovrs  values  for  o.,  for  various  values 
S  N 

of  x  . 
s 

76.  The  maximum  thickness  is  reached  vdien  the  number  of  counts 
equals  the  standard  deviation  .  'Hierefore,  from  table  h,  the  maximuja 
thickness  is  found  to  be  approximately  I5I.I2  cm. 

77.  Optimum.  As  the  sample  thickness  x^  is  increased,  the  error 
in  density  measurements  can  be  expected  to  increase.  By  using  t.he  various 
values  for  x^  ,  11^  ,  and  o^^  listed  in  tabic  U,  the  error  can  be  pre¬ 
dicted.  In  equation  5: 

a.  Again  let  D  =  20. d  +  x  . 

*  s  s 


29 


b.  Substitute  the  value  for  li^D^  previously  computed  (paxa- 
graph  yUd). 

c.  Let  1,  =  0.0547  (from  run  No.  1732-1731)- 

s 

d.  Substitute  the  various  values  for  ,  N^  ,  and  o^^  in 

equation  5  and  solve  for  predicted  density  . 

e.  Determine  the  error  in  percent  density  by  the  equation 

=  [(1.5  -  P)/1.5]  100  (28) 

(This  statement  assumes  the  actual  density  of  the  sample  to 
be  1.5 

The  results  of  computations  of  p  and  various  sample  thick¬ 

nesses  X  are  listed  in  table  4. 

3 

78.  tptimum  thickness  is  achieved  v;hen  the  sample  thickness  is  small 
enough  to  permit  source  counts  to  exceed  the  standaxd  deviation,  yet  not 
small  enough  to  damage  the  detector  crystal.  For  any  particular  test  situ¬ 
ation,  a  maximum  thickness  must  be  chosen  that  is  consistent  with  the  ac¬ 
curacy  required.  For  the  measurements  discussed  lierein,  the  predicted 
error  in  density  was  approximate!;/-  0.53  percent. 

Radiation  source  suitability 

79.  Penetration.  Tlie  mass  attenuation  coefficient  T]^  of  sand  was 
found  to  be  0.0547  cm^/g  when  Co^^  ^'/ith  an  energy  level  of  1.33  Mev  vms 
used  as  tlie  source  of  radiation.  If  a  source  I'/ith  a  lower  energy  le''-el  had 
been  used,  the  mass  attenuation  coefficient  would  have  been  greater.  For 

examnle,  if  cesium  137  with  an  energ;,’-  level  of  0.662  Mev  had  been  selected 

^  8 

as  the  radiation  source,  the  mass  attenuation  coefficient  of  sand  would 

have  been  approximatel,y  0.0778  cm  /g.  For  the  same  live  time,  the  number 
of  counts  N  that  vri.ll  be  detected  from  a  source  through  sand  vrith  a  den- 
sit^.  p  and  thickuiess  x  vrill  be  less  for  Cs  than  for  Co  (see  equa¬ 

tion  1).  As  a  result,  the  maximum  allowable  sample  thickness  would  be  de¬ 
creased  from  ti.at  determined  vritn  Co*^*^  as  the  source. 

30.  Bad.. -round  radiatic.  A  typical  spectrum  of  gamma  radiation 
fr.m  'luna  sand  is  shown  in  fig.  8,  v/here  the  natural  radioactivity  of  the 
soil  measured  in  a  40-min  live  time  is  presented.  Even  though  the  counts 
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Fic.  8.  Typical  cpectnim  of  c?uana  radiation 
from  Yuma  sand  (from  reference  /’) 

per  channel  arc  greater  than  those  for  a  10-ni3n  live  time,  the  rhape  of  the 
spectrum  is  characteristic  of  bacKground  measurements  made  for  density  deter¬ 
minations.  Exe  .'pt  for  photopeuks  due  to  the  naturally  occurriri'^  radioac¬ 
tive  constituents  in  the  soil,  l)aci'.rroimd  radiation  generally  docroasoc  as 
energy  level  (channel  number)  increacos,  so  that  measurements  vn'tli  a  source 
of  radiation  having  a  higher  energy  level,  such  as  Co^’^  (k  ■=  I.33  Yiov), 
result  in  lower  statistical  error  in  ti’c  number  of  counts  than  measurc- 
rnents  vdth  a  lower  energy'  source,  such  ts  Cs^^”^  (K  =  Mov). 
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La:/er  thictoess  affecting’;  measurement 

81.  If  a  gaiiuna-ray  photon  emitted  from  a  source  has  an  initial  en¬ 
ergy  E  betv/een  1  and  2  Mev  and  passes  through  a  material  placed  between 
the  source  and  a  detector  (S  and  D,  respectively,  fig.  9)  vn-thout  colliding 
with,  an  electron  whose  binding  energy  is  small  compared  to  that  of  the 
ganma  ray,  E  vail  be  detected.  However,  if  a  collision  should  occur  in 
the  material,  the  photon  vail  give  up  some  of  its  energy  to  the  electron 
and  proceed  vath  reduced  enersgy  (E')  along  an  altered  path  (CD  in  fig.  9) 
to  tlie  detector.  The  energy  E'  at  D  depends  upon  the  initial  photon 

'  s 

energy  E  and  the'  scattering  angle  9  as  showai  by  the  equation 


E'  = 


E 


1  +  (1  -  cos  0) (E/0.5110) 


(29) 


For  small  scattering  angles,  E'  «  E  .  But  as  0  increases,  E'  diminishes. 
The  energy  of  pliotons  having  a  high  initial  energy,  such  as  those  of  Co  , 
diminishes  more  rapidly  as  the  scattering  angle  increases  than  does  the 

137 

energy  of  photons  having  lower  initial  energy,  such  as  those  of  Cs  ,  as 
shovm  in  fig.  10. 

82.  The  scattering  angle  9  is  formed  at  the  intersection  of  the 
lines  extending  to  the  location  of  the  scattering  event  C  from  the  source 
S  and  from  the  detector  D.  In  a  plane,  the  locus  of  all  points  C 

(fig.  11)  at  which  tvro  lines  intersect  at  a  given  angle  0  and  extend  to 
points  S  and  D  ,  respectively,  is  an  arc  of  a  circle  terminated  at  points 
S  and  D.  Rotating  the  arc  around  the  line  SD  defines  the  boundary  of  the 
material  that  affects  measurements.  It  follows  then  that  if  the  length  of 
and  the  scattering  angles  9  along  the  various  paths  SCD  are  knovm,  the 
boundaries  of  the  volume  of  soil  or  the  thiclmess  of  the  layer  of  soil  R 
affecting  measurements  can  be  determined. 

83.  The  length  ^  can  be  measured,  but  the  method  for  determining 
the  scattering  angle  is  less  direct.  If  a  spectrum  of  the  number  of  gamma- 
ray  counts  versus  energy  level  (channel  number)  is  measured,  discrimination 
between  unscattered  photons  and  photons  scattered  through  small  angles  can 
be  accomplished  by  selecting  for  analysis  the  number  of  counts  vrithin  a 
certain  energy  range  (group  of  channels)  around  the  peak  energy  of 
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Fig.  9*  Oamma-ray  photons 
passing  through  a  material  in 
which  scattering  occurs 
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Fig.  11.  Volume  ol'  material 
affecting  measurement 


s 


Fig.  10.  Effects 
of  scattering  ariglc 
on  scattered  photon 
energy  for  CoOO  and 
Csl37 


o 


uuscattered  photons.  Equation  29  restated  to  give  a  solution  for  the 
scatteririg  anr.le  9  is 

(30) 

By  establishing  a  lower  limit  for  E'  ,  only  photons  scattered  in  an  angle 
of  9  or  less  \d.ll  be  considered.  Tliis  restricts  the  bovridaries  of  the 
volume  of  soil  affecting  the  measurement  being  taken;  and  the  thickness  ol 
the  layer  R  that  affects  the  measurement  can  tlierefore  be  detei'mined  by 
the  followin'  equation: 

R  =  SD  tan  (31) 

3i».  For  density  determinations,  gamma-ray  coiuits  located  in  channels 
90  through  100  wore  considered.  The  lower  limit  for  E'  was  therefore 
90  X  0.01U168  Hev  =  1.27512  Mev  ,  and  9  =  10.6°  .  From  equation  3I,  the 
thickness  of  the  la^'er  R  affecting  the  measurements  in  this  study  was 
ll;.0  cm.  Actually,  the  thickness  is  slightly  greater,  since  equation  3I 
is  applicable  only  for  a  point  source  and  detector. 

Comparison  of  nuclear  and 
nonnucleai'  density  measurements 

85.  The  density  of  soil  at  a  mutiber  of  locations  adjacent  to  the  de¬ 
tector  access  holes  was  determined  by  conventional  nonnuclear  methods.  The 
values  obtained  in  this  m.anner  are  compai'ed  in  the  followin'  tabulation 
'^th  density  values  determined  by  nuclear , techniques : 


Stunple 
Ho . 

Height 

in 

Cample 

cm 

Access 

Hole 

No. 

Nonnuclear 

Density 

g/  cm^ 

Nuclear 

Density 

0 

c/cm 

Difference 

g/cm^ 

(Nonnuclear  - 
Nuclear ) 

1 

50.8 

1 

1.44 

1.42 

0.02 

1.43 

1.41 

0.02 

2 

38.1 

1 

1.51 

1.47 

0.04 

h 

1.50 

1.49 

0.01 

(Continued) 
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heiglit 
in  / 

f ample  f ample 

Ho .  cm 

^.ccesE 

hole 

tio. 

Ilomaucleiu’ 

Density 

•  2 
r/  cm' 

Ihiclear 

Density 

''cm'^ 

Difference 

3 

p/om‘ 

(Nonnuclear- 
Hucl-car ; 

2  03.'. 

1 

1.55 

1  .‘=2 

0.03 

2 

i.hr. 

l.h2 

O.Oh 

3 

i.‘;6 

1  .‘;4 

0.02 

)♦ 

i.h- 

1.53 

0.03 

5 

1 .66 

12.3 

0.03 

»  > 

1.55 

3  A.o 

0.06 

22 , 0 

1 

1  .5-'. 

I.U7 

O.Ui 

U 

l.hH 

l.U‘> 

0.09 

86.  There  is  pood 

apreo 

ment  betvraen 

t'lc  nucleai' 

and  nonmiclear 

i3il.ies,  CM';;;f^eutinr  tliat  the  two  tcchniquec  inirjit  be  complementary  in  eii'-'i- 
neerinq  applications  requirinp  both  surface  and  subsurface  density  measure 
ments  in  a  section  of  soii  .  Vlioreas  it  is  riifficiilt  to  obtain  subsurface 
density  measurements  vri.t}i  conveni.ional  techniques,  .cam-ma- ray  measurements 
are  feasible  if  access  holes  can  be  iirovided.  It  is  iraportmit  to  remember 
however,  that  conventional  rneasuroitients  normally  provide  tlic  density  at  th 
spot  v/here  t’nc  samnle  is  tahen,  while  nuclear  techniques  measure  tlie  aver¬ 
age  density  of  a  volume  of  soil  bet/veen  tlie  source  -uid  detector. 
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■J'L’i 


Hi'-c 


'iicluL'ious 


.  i  >11  in  .‘acur-.Miicnt  c  'UkI  cuL  ijouuent  doucxtj’  detorinlnatioin; 
in,  .11  - > .ri n  -  >iK-ivu'ion:-  aro  irav.ii: 

Ivjuna- -ur  !•. 'nl  1-  t'o  \ii3ed  ai'  rui  oi'i'ofitlvi  rncaiii:  of 
■  '.1  rill  •  ran:  i 'iirit:.  provided  the  liiicl'necc  the  cample 

Ir  rih-:  t.hat.  i  ai'-  'ivun.l  raiia.lion  and  detector  instability 
UO+  al’ioct  the  in'-arur  in-nt  accuracy. 

"  arurT.cntc  made  close  to  the  currace  of  tl'.e  s-utiple  liave 
Limited  value  unloci:  chieldin.*  is  used  to  reduce  tlie  radia¬ 
tion  "lo-u.a'c’'  over  t.he  top  oi’  the  sample  to  the  detector. 


HecommeUi  lationt 


is  r  .'■•.•'amended  that: 

"^lis  metliod  be  used  more  extcnsiveli^  I'or  nondestiaictivc  soil 
d.ensity  mcasur''‘monts . 

He  more  i'e-isibility  studies  be  made,  since  the  basis  of  this 
m-dh'e.i  is  a  simple  piiys.ical  phenomenon  and  is  sufficiently 
u  ill  Icr  stood . 
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Table  1 


I  i.oton  wountp  Per  Channel  for  Reference  Curves 


■■'liiv- 

alent 

A 1  'iminurr. 
Tliickness 

Photon  Counts  for 
Indicated  Channel  Number 

cm 

90 

91 

92 

93 

94 

95 

mm 

mm 

-22- 

100 

h6.h 

6133 

51^3 

4981 

5356 

5788 

6639 

7482 

8393 

8319 

7425 

5815 

50.2 

3276 

3168 

3340 

3661 

4285 

4783 

4914 

4746 

3993 

2966 

2027 

1877 

2066 

2120 

2428 

2819 

2918 

2880 

2385 

1826 

1085 

626 

5”.  1 

1252 

1321 

1481 

1691 

1848 

1911 

1631 

1298 

938 

563 

302 

5^8 

J  1  i.O 

1 260 

1377 

1628 

1747 

1705 

1531 

1193 

852 

522 

251 

uo.9 

730 

828 

939 

1083 

1034 

1066 

884 

649 

492 

256 

108 

nu.7 

U68 

512 

558 

625 

613 

577 

516 

378 

288 

166 

64 

68.5 

288 

293 

320 

371 

384 

354 

257 

226 

207 

118 

36 

V2.8 

162 

163 

193 

266 

217 

226 

l4o 

161 

108 

59 

30 

76.1 

98 

67 

88 

130 

130 

115 

81 

66 

80 

56 

-15 

Summary 

of  Fesults 

Table  ^ 

of  Nuclear  Density  Measurements 

Sample 

Soil 

Sample 

Height 

Source 

Height 

0 

Density  in  g/cm 
for  Indicated  Access  Hole  No, 

'.'0. 

cm 

cm 

1 

2 

3 

4 

5 

6 

1 

51.0 

12.7 

1.41 

1.42 

l.4i 

1.43 

1.42 

1.43 

25.4 

1.4o 

1.42 

1.42 

1.43 

1.42 

1.42 

38.1 

1.43 

1.43 

1.43 

1.44 

1.44 

1.44 

121.8* 

12.7 

1.41 

1.42 

1.43 

1.43 

1.42 

1.45 

25.4 

1.42 

1.43 

1.43 

1.44 

1.43 

1.45 

38.1 

1.43 

1.44 

1.45 

1.46 

1.45 

1.46 

50.8 

1.42 

1.43 

1.42 

l.4i 

1.4o 

1.44 

63.5 

1.43 

1.44 

1.42 

1.43 

1.4l 

1.43 

2 

124.5 

12.7 

1.45 

1.47 

1.48 

1.4? 

1.48 

1.46 

25.4 

1.50 

1.48 

1.49 

1.47 

1.48 

1.50 

38.1 

1.47 

1.49 

1.50 

1.49 

1.48 

1.47 

50.8 

1.51 

1.51 

1.51 

1.51 

1.51 

1.48 

63.5 

1.52 

1.52 

1.54 

1.53 

1.53 

1.49 

76.2 

1.53 

1.49 

1.53 

1.53 

1.48 

1.49 

88.9 

1.47 

1.48 

1.49 

1.45 

1.46 

1.48 

101.6 

1.47 

1.49 

1.48 

1.48 

1.50 

1.47 

114.3 

1.50 

1.53 

1.52 

1.51 

1.56 

1.56 

120.7* 

1.55 

1.52 

1.61 

1.36 

1.58 

1.44 

*  121.9  cm  for  holes  1  and  6, 


Effect  of  Sample  Ttiickness  on  Measurement  Accuracy 
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study  was  conducted  to  determine  the  feasibility  of  using  measurements  made 
with  a  multichannel  gaona-ray  spectrometer  and  a  cobalt  60  radiation  source  for  accu¬ 
rately  determining  soil  density  and  resolving  the  density  profile  of  layers.  Hoasure- 
ments  were  first  made  on  aluminum  and  steel  plates  to  establish  a  standard  reference 
for  comparing  soil  densitjA  Two  samples  of  air-dry  sand  were  constructed  at  different 
densities  to  a  depth  of  approximately  120  and  129  cm  in  a  pit  91.82  m  long  and  3.9l(  m 
wide.  Measurements  were  made  at  depth  intervals  of  12.7  cm  in  each  of  six  access  holes 
located  in  the  samples.  The  densities  determined  were  compared  with  densities  deter¬ 
mined  by  nonnuclesir  means.  Results  of  this  study  Indicate  that  density  con  be  measured 
accurately  by  the  method  described  herein  provided  (a)  the  thickness  through  which  the 
measurements  are  made  is  accurately  measured,  and  (b)  the  source  strength  and  detector 
are  suitable  for  the  distance  over  which  the  density  is  measured.  The  combination  of 
source  and  detector  that  was  used  permitted  defining  soil  density  profiles.  As  a  re¬ 
sult  of  this  study,  it  is  recoirmended  that  the  method  described  herein  be  used  for 
nondestructive  soil  density  measurements  where  the  density  beneath  the  surface  of  a 
sample  must  be  known. 
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